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A Contribution to the Study of the Magnetic Properties of 
Manganese and of some Special Manganese Steels. 

By Sir Eobert Hadeield, F.R.S., C. Cheneveau, and Ch. Gi&neau. 

(Eeceived May 4, 1917.) 

I. — General and Detailed Consideration of the Apparatus and 
Method of Measuring Magnetic Properties. 

The object of this research has been to find a connection between the 
magnetic susceptibility per unit mass (called the mass susceptibility) of 
different manganese steels and their chemical constitution. All measure- 
ments were made with the help of the magnetic balance of P. Curie and 
C. Cheneveau.* In this instrument the body to be tested is attached to one 
arm of a torsion balance. A horseshoe magnet can be moved horizontally, 
so that the direction of motion is at right angles to the line joining the 
poles, and the body is gradually brought into a stronger and stronger field. 
The observed deflection of the torsion balance increases at first, then 
diminishes, and becomes zero when the body lies between the poles of the 
magnet. If the magnet be moved still further, a deflection in the opposite 
direction is observed, which again passes through a maximum at the point 
where the variation of the field of force is greatest. Fig. 1 illustrates the 
deflections observed in a particular case. The difference between the 
readings of the torsion balance when the deflections are greatest on either 
side is proportional to the mass susceptibility, so that this quantity may be 
determined by comparison with a specimen whose susceptibility is known. 

Throughout the paper the mass susceptibility is denoted by the symbol %. 

Glass Envelopes. 

Unless otherwise indicated, all specimens were included in glass tubes of 
very different shapes, and generally with very thin walls. These are shown 
in fig. 5. They gave an inappreciable deflection in the most intense 
magnetic fields, even when the balance was at its greatest sensibility, 
i.e. when the platinum wire was the thinnest procurable. The use of this 
glass, the search for which has entailed great trouble, is exceedingly 
advantageous, in that it does away with the necessity of correcting for the 
magnetic effect of the envelope. 

* ' Journ. de Phys., 5 Series 4, vol. 2, p. 796 (1903) ; < Phil. Mag.,' vol. 20, p. 367 
(1910). 
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Fig. 1. — Variation of deflection shown as function of displacement of magnet. 

Standard of Comparison. 

P. Weiss and Foex* have devoted great attention to the determination of 
the mass susceptibility of salts in solution and in the solid state. We have 
adopted; as standard of comparison, anhydrous cobalt sulphate, to which 
these workers assign the value 

X = +58xl0~ 6 at 20° 0. 

We have prepared some of this salt, adhering strictly to their instructions. 
It was divided into three portions, of which one was placed in a tube, 
which was then sealed and weighed. This served as a standard. The 

* ' Journ. de Phys.,' Series 5, vol. 1, p. 274 (1911). 
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following Table shows that this sample, placed in fields of different strengths 
and under different conditions of sensibility, always gave concordant results. 



Field 


I. 


II. 


I. 


II. 






Sensibility, calculated 


7200 


1440 


180 

■ 


36 

mm. 
1*9 

2-2 

2*1 






Cobalt 
sulphate 


' (sealed tube m = *914) "1 deflection 
(open tube m = *941) Vfor 1 grm. 
„ (open tube m = '807) J at 1 metre 


mm. 

342 

. 

342 


mm. 
71 
69 
70 


mm. 
10 




Mean 


70 


10 








[Ratio of sensibilities 


5-0 
4'9 


5-0 
4*8 




Ratio of deflections 















Magnetic Fields. 

Two permanent magnets (Allevard steel), of the following dimensions, 
were used to establish the field of the Curie balance. The ratio of the 
fields was about 5. 





Magnet I. 


Magnet II. 


Exterior diameter 


15 cm. 

12 „ 
1 *45 cm. 

0-45 „ 

3-0 „ 

1-25 „ 

320 gauss 


15 cm. 

12 „ 

1 '45 cm. 
-65 „ 
3-0 „ 
2-5 „ 
1600 gauss 


Interior „ 


Thickness 


Thickness of pole pieces 


Height of polar space 


Breadth of „ ,, 


Field 





The values of the field strengths, which are only approximate, were 
calculated from the general formula of the apparatus by the aid of the 
known value of x f° r cobalt sulphate and from the constants of the torsion 
balance. An excellent verification of the validity of this procedure was 
obtained in Case II by the aid of a Grassot fluxmeter. This gave 25,500 
maxwells. Taking an approximate value of 12 for the permeability of steel, 
and 1*235 sq. cm. for section of polar space, a field of 1750 gauss was 
calculated. 

To obtain more feeble fields the magnets were shunted, but the results of 
such tests were very irregular. 
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Sensibility. 

Varying sensibilities were obtained not only by interchanging the magnets, 
but also by altering the diameters of the platinum suspending wires. The 
relation of the sensibility to the diameters is given in the following Table : — 



Wires 


1. 


2. 


3. 


4. 




Length 


35 '4 cm. 

o.-oi „ 


33*8 cm. 

'02 „ 


33*1 cm. 
0*05 „ 


33*5 cm. 
O'Ol „ 


Diameter 




Sensibility with — 

Magnet 1 


115,000 


7,220 
1,440 


180 
36 


23,000 


II 





Wire No. 1 broke very early on in the work, and was replaced by No. 4. 
No. 3 gave very irregular results. The most trustworthy results have been 
obtained with Nos. 2 and 4. 

The effect of the susceptibility of the air was found to be negligible in all 
cases. 

Influence of Temperature. — The following experiments made on steel 
1010 N when placed in a glass tube showed that in these experiments a 
variation of 26° C. had but little effect on the results. 

Steel No. 1010 n. Mass, 5*782 grm. Distance of scale, 236 cm. 





Temperature. 


Deviation. 


Deviation per grm. 
at 1 metre. 




°C. 
26*3 
13 

21 
20 


mm. 
97 
90 
84 
85 

105 


mm. 
7 

6-5 
6 
6 
7 


V 


Tube retained in ice 


Allowed to heat up for one hour 


Steel rusted and washed in hydrochloric 
acid 



Accuracy of Results. 

In all cases, on account of experimental difficulties, and the many sources 
of error which had to be overcome, the steel results can only be trusted to 
within 5 per cent. 

The manganese results are a little more accurate. Their precision is 
indicated in the results. 
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II. — Study of the Magnetic Properties of Manganese. 

Through the kindness of M. P. Weiss, we have been able to work on the 
specimens of manganese used by M. Kamerlingh Onnes and himself in their 
work on the magnetic properties of manganese, chromium, and vanadium.* 



(1) Powdered Manganese. 

The first specimen of manganese was in the form of a grey powder. It was 
prepared from an amalgam of manganese, which, when heated to a sufficient 
temperature in pure dry hydrogen, yielded the metal in the form of the 
powder mentioned above. This powder was pressed into a glass tube in 
order to form a rod, and then sealed. 

The two previous workers have shown that this form of manganese is 
para-magnetic. 

After a qualitative confirmation of this view we proceeded to a quantita- 
tive test by determining the deviation of the sealed tube in fields I and II. 
Unfortunately, we were obliged to break this tube (naturally with great 
care) in order to determine the mass of the manganese and the magnetic 
quality of the glass. 

The following results were obtained, a very small glass correction having 
been allowed for. 



Field. 


Sensibility. 


X x lO 6 - 


Temperature. 


1600 gauss 
320 „ 


7200 
1440 


+ 10-6 
+ 10 '9 


°C. 

18*6 

17-6, 




+ 10*8 


18 



Owenf gives the number + 8*9 x 10~ 6 at 18° C. Our number agrees with 
that found by H. du Bois and Honda, while Gebhardt's value, quoted by 
Weiss and Kamerlingh OnnesJ is five times too large. Without doubt their 
samples were oxidised. 

We have repeated the experiment upon the manganese powder after it 
had been kept for 10 days in a closed tube. We have obtained 

x . 10 6 = 11-2. 

There was therefore no sensible oxidation. 

* Pierre Weiss and Kamerlingh Onnes, * Comptes Rend, de l'Aead. des Sci.,' vol. 150, 
p. 687 (1910). 

t ' Ann. Physik,' vol. 37, p. 657 (1912). 

I * Journ. de Phys., 5 Series IV, vol. 9, p. 555 (1910). 
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We have assured ourselves by the sensitive potassium thiocyanate 
reaction that there was no trace of iron in the sample. 

We conclude, then, that the mass susceptibility of powdered manganese 
at 18° C. is 

X = H'O x 10~ 6 , within 2 per cent. 

(2) Cast Manganese. 

The second sample of manganese was composed of small black pieces, in 
parts coloured a metallic grey or yellow. It was prepared by the fusion of 
the powder in an electric resistance furnace, the atmosphere being hydrogen. 
Weiss and Onnes state that this form is ferro-magnetic. 

With these pieces we carried out a series of experiments which showed 
that the substance was either attracted or repelled, according to its position 
in the field. This observation, which was verified for each separate piece,, 
indicates that this sample of manganese was magnetised. A slight, but 
sensible, effect upon a compass needle confirmed this. 

Five years and five months after our first experiments we again tested this 
cast manganese, and found that it still retained its magnetism — which shows 
a strong coercive force. We then* carefully heated two fragments to a bright 
red — one a fragment of the black (No. 1), the other a fragment with 
metallic lustre (No. 2). The following results were obtained. Initially the 
highest values of ^ were of the order +2000 x 10~ 6 .* 

Black fragment ^ x 10 6 = +26*5 



Brilliant fragment 



x xl0 6 = +27-1 



The influences of heating, of temperature, and of the size of the sample, 
are of some importance. With a fairly large fragment (No. 3) we obtained 

% . 10 6 = +130. 



* M. Kuh (These, Zurich, 1911) has given for the magnetic moment M of cast 



manganese :- 



M. 


H. 


X * 10 6 . 


'7980 
1*622 


gauss. 

375 

1500 


2130 
1080 



It is to be observed that for a field strength of about 320 gauss we have found 
numbers of the same order for the highest values of ^ x 10° of ferro-magnetic manganese, 
viz., 2200 and, after an interval of five years, 2700. 
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Several washings in pure hydrochloric acid gave successively 

1st heating 1st washing • % x 10 6 = ■+ 130 

2nd „ % xl0 6 = +116 

3rd „ %xl0 6 = +110 

4th „ % xl0 6 = +109 

Keheating and again washing in hydrochloric acid gave 

2nd heating 1st washing ^ x 10 6 = + 34 

It is therefore clear that sufficiently prolonged heating considerably lessens 

the magnetic properties of magnetic cast manganese, whilst the oxidation ol 

the specimen slightly raises its susceptibility. 

In heating specimen No. 1 above in order to oxidise it, without washing 

in acid, we obtained 

%X 10 6 = +53, 

while with specimen No. 2, after washing in acid, we obtained successively 

Initial value % xl0 6 = +27*1 

1st washing % x 10 6 = +181 

2nd washing ^xl0 6 =+16*9 

The effect of heating and washing is clearly to , cause an approach to the 
value for powdered manganese (+ 11*0). Heating produces demagnetisa- 
tion ; subsequent washing in acid the disappearance of the oxide formed. 

Desirous of saving the remainder of the manganese, further experiments 
were discontinued. 

If the manganese demagnetised by heating and deoxidised by the action of 
hydrochloric acid were ferro-magnetic, it should easily re-acquire its 
magnetism when placed in the field of magnet No. 1, or even by simply 
bringing into contact with another magnet. That this is not so, is shown by 
the following results, giving identical values before and after the attempted 
magnetisation. 



Specimen. 
No. 2 


X x 10 6 . 


Before magnetic action. 


After. 


+ 16*9 
+ 109 


+ 169 
+ 109 


No. 3 





The high coercive force of manganese fused in hydrogen (analogous to that 
of -iron^under similar conditions) and the preceding experiments lead us to 
the belief that its ferro-magnetism is due to hydrogen. The difficulty of 
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completely disengaging a dissolved gas from a liquid is well known, and 
a fortiori the same difficulty must arise with a solid. 

It is hardly to be expected that the heat applied to our samples was 
sufficient to drive off all the hydrogen, and so to lower the magnetic pro- 
perties of the substance to that of the pure metal. But the gas was driven off 
sufficiently to prevent the metal being permanently magnetised. This con- 
clusion is verified by an experiment of Seckelson,* who has obtained electro- 
lytically ferro-magnetic manganese, which necessarily contains hydrogen 
just as did the electrolytic iron of Cailletet and d'Houllevigue.- 

Conclusion. 

Manganese is para-magnetic, whatever its condition. Its mass suscepti- 
bility (%) at 18° C. is + 11*0 x 10~ 6 . The ferro-magnetic properties which 
it possesses after being melted or deposited by electrolysis are without doubt 
due to occluded hydrogen. 

It is perhaps in place to point out that the presence of occluded gases in 
metals or alloys which have been prepared by melting should not be 
neglected when examining the magnetic properties. 

III. — Study of the Magnetic Properties of Some Manganese Steels. 

The first experiments made with steel (in the form of small cylindrical 
rods) gave very irregular results. For instance, they showed the steel 
2084 A as ferro-magnetic, which was subsequently confirmed by experiments. 
But they also gave the steel 1010 n as ferro-magnetic, whereas it is in fact 
para -magnetic, They showed, however, in all cases, in spite of the irre- 
gularities, the cause of which we shall try to find, that all the steels save the 
one mentioned above were only slightly magnetic, and the employment 
of the type of apparatus used was justified in the overwhelming majority of 
oases. 

In what follows we confine ourselves to para-magnetic steels, later we will 
deal with the ferro-magnetic variety. 

(1) Influence of Chemical Reagents. 

The paradoxical result obtained with the steel 1010 N may easily be 
explained on the hypothesis that some ferriferous impurity gives to the 
specimen its ferro-magnetic character. In fact, if the cylinder is gently 
washed with hydrochloric acid, the mass susceptibility passes rapidly from a 

* ' Wied. Ann.,' vol. 67, p. 37 (1899). 

+ ' Journ. de Phys.,' Series 3, vol. 6, p. 245 (1897). 
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value of % too large to be measured to % = lOOxlO"" 6 . The following 
experiment lends weight to this assumption. When the cylinder 1379 d 2 
was cut by an iron tool without subsequently washing in acid, % rose in 
value from 76 x 10~ 6 to 1960 x 10~ 6 . As the steel bars were worked into 
shape, and as it is often necessary to test small pieces cut from them, it is 
therefore essential, before using them in the balance, to wash them in 
hydrochloric acid, in order to remove traces of iron left by the tools. An 
examination of the curves in fig. 2 shows that for the steel 1010. G, whatever 
the form of the specimen, the deflections which, before chemical treatment, 
were not proportional to the weight became so when the sample was so 
treated.* 

Steel 1010 G (Magnet 2, Sensibility 1440). 



! 


Dimensions. 


Before attack by HC1. 




After attack. 












Time of 
























Deviation 


attack. 




Deviation 




Diameter. 


Height. 


Weight. 


per gramme 
at 1 metre. 




Weight. 


per gramme 
at 1 metre. 




mm. 


mm. 


grm. 


mm. 


mm. 


grm. 


mm . 


Small cylinder... 


4-5 


2 


0-252 


35 


15 


0*247 


24 


Sphere ... 


4'5 


— 


0*377 


30 


30 


0-367 


22 


Medium cylinder 


4*5 


4 


0-497 


30 


45 


0*478 


; 23 


Large cylinder 


4-5 


6 


0*744 


24 


60 


0-708 


23 



Finally we mention here the observations of A. C. Jollyj- and of one of usj 
upon copper. In this case the mass susceptibility only became constant after 
a first washing with hydrochloric aid. Subsequent washings had very little 
effect. This is also shown in the curve for the steel 1010 n (fig. 2), although 
the mass of the specimen was reduced in the process from 4*510 grm. to 
1*833 grm. 

Although it would seem that in many instances the ferriferous impurity 
resides at the surface, yet there are others in which this does not seem to be 
entirely the case. We find it difficult to decide, however, whether we are 
really dealing purely with superficial effect, with an internal effect, or with a 
combination of the two. We simply estimate that the diminution in weight 
due to washing is at its maximum about 1 or 2 per cent. 

Other experiments upon the steels 1010 G 2j 1010 F, 1010 o, 1010 m, 1010 e, 
1339, 1343 a, 1343 b, 598 and 620, and the curves for the specimens 1010 D 

* The hydrochloric acid used was strictly diamagnetic with x — —0*58 x 10 ~ 6 . If the 
true value (from Quincke's work) is — 0*66 x 10 ~ 6 , then the acid above does not contain 
more than 1/100,000 per cent, of iron. 

+ < The Electrician, 5 vol. 65, No. 25, p. 1013 (1910). 

J C. Cheneveau, * Journ. de Phys..,' Series 4, vol. 9, p. 163 (1910). 
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.and 1798 H 2 (fig. 2) lead equally to the conclusion that, after a fairly prolonged 
washing in hydrochloric acid, the deflections become practically proportional 

to the mass of the specimen. 
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Fig. 2.— Influence of hydrochloric acid on sensibility. 

(2) Influence of Size of Specimen. 

For para-magnetic bodies in which the susceptibility is not a function of the 
field strength, the shape of the specimen should be immaterial and, in 
consequence, its dimensions should not affect the measurements, otherwise 
than through the change of mass. 

Certain of the steels were very hard to work and in the absence of diamond 
dust we shaped them with ordinary tools. But for our experiments we chose 
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fairly workable steels which were somewhat easily attacked by the acid. The 
washing was continued until strict proportionality was obtained between 
deflection and weight. 

With the steel 1798 H 2 we find that when the sample is properly placed 
between the pole pieces the deflection is the same whether the specimen is 
placed parallel to the line joining the poles or perpendicular .to it. 



« 


'Number of observations. 


Mean deflection. 


X araiiei ............ 

Perpendicular ... 


6 
4 


mm. 
271 

272 



With the same steel we carried out a series of experiments under different 
conditions of sensibility, in which we varied one of the dimensions of the 
cylinder, keeping the other constant. The curves in fig. 3 show the relation- 
ship between the deflection and. the height and diameter of the specimen. 
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Fig. 3. — Variation of deflection with dimensions. 



Experiments were also carried out on a very different type of steel (1010 n). 
The curve (fig. 3) shows, in agreement with our previous results, that, provided 
certain limits are not exceeded, the deflection is proportional to the dimensions 
of the specimen, i.e., to its weight. 

The conclusion to be drawn from these preceding series of experiments is 
that serious error can only be avoided by working on specimens -giving 
deflections proportional to their masses. It is, therefore, advantageous to 
work with comparatively small samples. 
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(3) Influence of the Position of Specimen. 

The same conclusion is reached in studying the effect of the position of 
the specimen in the field on the accuracy of the results. The following 
experiments were carried out with a small cylinder of steel 1798 h 2 , having 
the following dimensions : Height, 2*90 mm. ; diameter, 3*30 mm. ; mass, 
0*197 grm. It was washed in acid and placed in the tube sketched in fig. 4. 

(a) Variation of the deflection with the vertical displacement of the metal 
in the field, the specimen being at equal distances from the pole pieces and its 
centre on the line of symmetry of the polar interstice.- — The results are shown 
in Curve I, fig. 4. 

(b) Variation of the deviation with the distance of the metal from the 'pole 
pieces, the height of centre of specimen being 16*5 mm.— The results are shown 
in Curve II, fig, 4. 
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(e) Variation of deviation with the position of the magnet. — This is shown 

in fig. 1. 

It is easy to deduce from these experiments the position for which small 

displacements least affect the accuracy of the results. 
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(4) Best Experimental Conditions. 

It has been shown that it is advantageous to use fairly small specimens 
having a well denned geometrical shape (cylindrical). The specimen must be 
sufficiently washed in hydrochloric acid, and accurately placed with its centre 
at the centre of the polar interstice — that is, at equal distances from the pole 
pieces, and vertically, so that the centre of the specimen lies in the central 
line joining the pole pieces. 

This adjustment, which is somewhat delicate, can, nevertheless, be easily 
accomplished by the employment of tubes having the forms shown in fig. 5. 
The specimen is retained in position by means of lightly packed cotton-wool. 




SOfco 




A 









\ 



Cotton- 
wool 

Metal 

Cotton- 
wool 






Fig. 5. — Various experimental tubes. 
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The following numbers for the specimen 1798 h 2 show that error caused 
by small variations of height is slight, if the average of several experiments 
be taken. 



Height. 


Number of experiments. 


Deflection. 


Mean. 


mm. 
17 

16 
15 


1 

2 
3 

1 

2 

1 

2 


mm. 
271 
263 
265 

268 
266 

268 
268 


mm. 
266 

267 
268 



(5) The Case of Ferro-magnetic Steel. 

The magnetic torsion balance only lends itself to the determination of the 
mass susceptibility of diamagnetic and paramagnetic bodies. For the 
successful study of ferro-magnetic bodies, it is essential that the rod should 
be placed parallel to the field, and that its length should be great in 
comparison with its diameter.* 

We have only been able to work on very small specimens, weighing a few 
milligrammes, and, under these circumstances, it was impossible to eliminate 
the demagnetising field due to the magnetisation. In all cases, however, 
we have endeavoured to correct this error by approximate mathematical 
computation. 

Such a correction is naturally somewhat uncertain, and we tested and 
verified its approximate validity by comparing the specimen 2084 A with a 
sample of pure iron wire (piano wire). Washing in hydrochloric acid was, 
as usual, carried out before testing. 

To prevent the tube coming into contact with the magnet of the 
instrument when it contained ferro-magnetic matter, we attached a weight 
from a hook fixed to the lower end of the tube, as shown in fig. 4. We 
ascertained that this did not affect the deflections when the weight did not 
exceed 10 grm. 

Weight 20 grm. 10 grm. 5 grm. 2 grm. 

Deflection at 164 cm.... 172 mm. 178 mm. 178 mm. 180 mm. 

The following are the results (after all corrections had been applied) 
obtained in two perpendicular directions, ^ with the sample placed either 
vertically and at right angles, or horizontally and parallel, to the field. The 
different values obtained in these cases is typical of the ferro-magnetic state. 

*. e.g., P. Curie, ' CEuvres,' 1908, p. 289. 



Magnetic Properties of Manganese and Manganese Steels. 79 



Body. 


X (corrected). 

Horizontal direction parallel 

to field. H = 450 gauss.* 


X (not corrected). 

Vertical direction perpendicular 

to field. H = 320 gauss. 


Steel No. 2084a 


0-24 
-47f 


-017 
-022 


Pure iron 





Thus, the steel 2084 A is slightly ferro-magnetic compared with iron. Its 
mass susceptibility is of the same order as that of pure iron. 

A curious point arises in connection with this specimen. Before being 
sent to Paris in 1911, it was roughly examined with a hand magnet, and 
showed only .slight magnetic quality, certainly not more than 4 or 5 per 
cent, of that of pure iron. The above test, however, which was made about 
six years later, indicates distinct ferro-magnetic properties of the order of 
50 per cent, of that of pure iron. This marked difference was so striking 
that it was thought well to make a further examination of the specimen in the 
original approximate manner, with the result that this considerable increase 
of magnetic susceptibility with progress of time was fully confirmed. The 
specimen had not, during an interval of several years, been subjected to heat 
or mechanical treatment, and it can only be inferred that a gradual secular 
and internal change in magnetic character, apart altogether from any 
extraneous influences, had taken place in this material. 



(6) Study of Powdered Steels. 

These experiments were carried out on filings from samples 1010 and 
1109 d. The chemical composition (which is very similar to that of the 
rods) is given below, together with the results of the magnetic tests. 

These filings are so magnetic that we found it necessary to use a stouter 
torsion wire (diameter 0*5 mm.), and to fix a magnetic shunt to magnet No. 2. 
In a field of about 18 gauss (1/18 of its previous value) we obtained the 
following results : — 



Steel No. 



C. 



Si. 



Mn. 



Ni. 



Deflection per gramme 
at 100 cm. 



1010 
1109D 



1-26 
0-60 



0-45 
0*84 



12*00 
5*04 



14-55 



mm. 
38 
61 



* The magnet used here was slightly stronger than that in the other case. For the 
same torsion wire, we deduced from deflections made with cobalt sulphate that the field 
in the position of greatest deflection was 450 gauss. 

t In a field of 450 gauss it can be shown from Curie's experiments that x = 0*46. 
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These deflections are approximately 130 times those given by the same 
material in bars. 

Due precautions were taken to place the sample at the centre of the tube 
(fig. 6), and we also tested the strict proportionality between weight and 
deflection (fig. 6) up to the limits to which the experiments were confined. 

It is certain that these filings contain a considerable quantity of iron. 
Washing in acid was resorted to, but we never reached a final value nor got 
rid of all the iron. With steel 1010 we even found an increase of 
magnetisation (fig. 6), suggesting that the constituents of the powder were 
unequally attacked by the acid. 
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We conclude that filings cannot be used for the determination of the mass 
susceptibility of manganese steels. 



IV. — Summary of Experimental Eesults. 

In the following Tables the chemical and physical results for the special 
manganese steels are collected together so as to determine the relations 
between chemical composition and the magnetic properties. 
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(1) Influence of Manganese. 

Within the range examined, it appears that in the case of manganese steels 
of constant carbon content this metal has only a feeble effect on the magnetic 
properties. 

(2) Influence of Carbon. 

The Table also shows that for steels of constant manganese content the 
susceptibility increases as the carbon content diminishes. 

These two conclusions are summarised in the column giving % as a function 
of the quotient C/Mn, and also in the curve representing the figure which is 
reproduced in fig. 7. The mass susceptibility of manganese steel is seen to 
become smaller as the ratio C/Mn increases. 

X.IO 6 




o 



Ratio Carbon/Manganese 



O-OI 



005 



O-I 



Eecapitulative Table, showing Influence of Manganese and Carbon. 



Steel No. 


C. 


Mn. 


x xlO 6 


Steel No. 


O/Mn. 


X x 10 6 . 


30 


1-50 


15-25 


17- 


1379D. 


o-oi 


78 


598 


1-54 


18-50 


17 + 


1010& 


-076 


19 


1379 d 2 


0*15 


15-20 


76 


598 


0-083 


17 + 


30 


1*50 


15*25 


17 


30 


o-i 


17- 
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The results obtained in the two following series of experiments are in good 
agreement with the conclusions arrived at. In the first the manganese and 
carbon contents increase approximately in the same ratio : — 



Steel No. 


c. 


Si. 


Mn. 


C/Mn. 


X x 10 6 - 




per cent. 


per cent. 


per cent. 






1010 


1-21 


0-33 


10-58 


0"11 


19- 


1010 D 


1-34 


0-47 


13-34 


o-io 


20 


1010 b 


170 


0*35 


16*07 


o-io 


21- 


1010 F 


1-94 


0-40 


19-61 


o-ii 


21 + 



It is seen that ^ remains approximately the same. 

The second series contains steels of constant carbon content and increasing 
manganese content. As the increment of manganese is only 2*7 per cent., 
and as we have seen that an increment of 3*5 per cent, does not affect %, it 
follows that these steels should have the same magnetic quality. This is 
confirmed by the results :— 



Steel No. 


c. 


Si. 


Mn. 


X x 10 6 . 


1010 G- 


1-24 




16-23 


19- 


1010 G- 2 


1-22 


0-17 


16-80 


18- 


1010 H 


1-25 


0-33 


18-35 


17 + 


1010 o 


1-06 


0-28 


18-65 


18 + 


1010 N 


1-04 


0-27 


18*90 


18- 



(3) Influence of Nickel. 

If the nickel-manganese steels, containing approximately the same carbon- 
manganese ratio, are arranged in order of their nickel content, it will be seen 
either from the following Table, or from the curve of fig. 8, that the mass 
susceptibility of such steels increases with the proportion of nickel : — 



1 Steel No. 


C/Mn. 


Ni. 


X x 10 6 . 


1339 
1313 c 
* 1109 3> 
1414 a 


0*15 - 

0-14 

0-15 

0-12 


2-57 
9-0 
14-55 
19-0 


23 
35 
52 

67 
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(4) Influence of Copper. 

The addition of copper to a manganese-nickel steel appears to raise the 
mass susceptibility, as shown below : — • 



Steel No. 


C/Mn. 


m. 


Cu. 


X x 10 G . 


1424 b 
1109 d 


0*14 
0-15 


14-44 
14*45 


2*35 


64 
52 



(5) Influence of Chromium. 
Chromium also seems to raise slightly the mass susceptibility :- 



Steel No. C/Mn. 


Cr. 


X * io fi . 


598 

620 


0-08 
0-05 


3-5 


17 + 
19- 



(6) Influence of Tungsten. 

Tungsten seems to act more strongly, for the addition of 0*74 per cent, has 
a marked effect on the susceptibility : — 



Steel iV'o. 


C/Mn. 


w. 


X x 10 6 . 


1343 a 
1343 b 


'126 ! 2 -85 
0-120 ! 2-11 

j 


29 

18 
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(7) Influence of Silicon. 

The addition of a considerable proportion (6 per cent.) of silicon to a 
manganese steel makes it ferro-magnetic when the temperature of quenching 
is high : — 



Steel No. 


O/Mn. 


Si. 


Temperature. 


X x 10 6 . 


1379 d 2 

2084 a 


o-oio 

0-015 


6-15 


1050 
1050 


76 
240,000 



We have already seen that this steel resembles iron in its magnetic 
properties. 

V. — Kelations between Magnetic Properties and Other Physical 

Properties. 

(1) Density. 

As was to be expected, there is no simple relation between density and 
mass susceptibility, just as there is none between density and chemical 

composition. 

(2) Magnetic Field. 

For certain of the steels, especially those of high susceptibility, there are 
small variations between the values in fields of different strengths. In 
general, the highest susceptibility corresponds to the weakest field. In view 
of the big difference between the fields and the smallness of the variation, 
it would not be safe to conclude that this is due to feeble ferro-magnetism. 

On the contrary, it can be stated that, within the errors of experiment, 
the mass susceptibility is in the majority of cases independent of the field 
strength. The curves of fig. 8, referring to manganese-nickel steels, in fields 
1 and 2, prove this. Apart from the manganese-silicon steel, which is 
decidedly ferro-magnetic, the other steels are para-magnetic. 

(3) Seat Treatment. 

To show the effect of the temperature at which the steel was cooled, we 
give a comparison of similar steels : — 



Steel No. 


O/Mn. 


Ni. 


Thermal treatment. 


X x 10 6 . 


1798 h 2 
1414a 


0'35 
0-12 


19-98 
19-0 


Cooled in furnace from 

550° C. 
Quenched in water from 

1050° C. 


154 
67 
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The nickel-content in these steels is approximately constant, and, as we 
have seen that independently of the temperature of quenching the suscepti- 
bility should increase as the value C/Mn diminishes, it appears from the 
experiments that the susceptibility is increased by a low temperature of 
heating. 

As chromium has only a feeble effect on the magnetic properties of 
manganese steels, its presence does not explain the difference found below 
between steels 2103 and 1109 b. 



Steel No. 


C/Mn. 


Mn/Ni or 
(Mn + Cr)/Ni. 


Thermal treatment. 


X x 10 6 . 


i 

2103 

! 

1109i> 


1-11 
0-16 


0-32 
0-35 


Quenched in water from 

945° 0. 
Quenched in water from 

1050° C. 


259 
52 



The conclusion to be drawn is the same as before. The lower the tem- 
perature from which the steel is cooled, the more are the magnetic qualities 
accentuated. 

VI. — General Conclusions. 

We have determined, with the magnetic balance of P. Curie and 
C. Cheneveau, the mass susceptibility of manganese and of some of its special 
para-magnetic alloys. 

1. Manganese. 

We have studied manganese under two forms, powdered and fused, in an 
atmosphere of hydrogen. The specimens were very kindly lent us by M. P. 
Weiss, who had prepared and examined them.* 

We believe ourselves to be justified in concluding that whatever its condition, 
so long as there is no occluded gas, manganese is para- magnetic; its mass 
susceptibility at 18° C. is 11*0 x 10~~ 6 + 2 per cent. This value is a little 
higher than that given by H. du Bois and Honda (8*9). 

With regard to the ferro- magnetism of cast manganese, we attribute it to 
the presence of hydrogen. This agrees with the observation that this type 
of manganese, after being heated red, cannot be remagnetised, and with 
the well known analogous properties of electrolytic manganese and electro- 
lytic iron. 

In this connection we desire to recall the effect which certain occluded 
gases have upon the magnetic properties of cast metals and alloys. 

* Pierre Weiss and Kamerlingh Onnes, ' Comptes Eendus,' vol. 150, p. 687 (1910). 
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2. Special Manganese Alloys. 

We have shown that the mass susceptibilities of these alloys, which vary 
between + 17 x 10~ 6 and +259 x 10~ 6 , are independent of the magnetic field. 
The strength of the field ranged from 320 ganss to about five times that 
value. These alloys are therefore para-magnetic. 

(1) Manganese Steels— 

Within the range examined, the mass susceptibilities are only slightly 
influenced by the amount of manganese present, but depend considerably 
on the carbon content. Speaking generally, we may say that for these 
special steels the mass susceptibility increases as the ratio O/Mn diminishes. 

(2) Steels containing Manganese and other Metals — - 

If the carbon-manganese ratio is kept constant, the addition of other metals 
always increases the mass susceptibility. 

Manganese-nickel Steels. — An increase of the nickel (from 2*57 to 19 per 
cent.) raises the mass susceptibility in the ratio of 23 : 67. 

Manganese-tungsten Steels. — An increment of 0*74 per cent, of tungsten 
increased the mass susceptibility in the ratio of 18 : 29. 

Manganese-chromium Steels. — Chromium seems also to cause a slight 
increment. An increase of 3*5 per cent, of chromium seems to correspond 
to an approximate increase in the mass susceptibility of 10 per cent. 

Manganese-nickel-copper Steel. — The comparison of two steels each having 
the same .manganese, nickel and carbon content, one containing no copper, 
and the other 2*25 per cent., shows that this metal, in spite of its diamag- 
netism, increases the mass susceptibility by about 19 per cent. 

All the preceding steels were quenched in water from 1050° C. They are 
all of the well known para-magnetic Austenitic type of steel. The addition 
of a substance like manganese, which is also para-magnetic, will have but 
little effect in altering the properties of these steels, which remain para- 
magnetic. 

Manganese-silicon Steel.- — The addition of 6 per cent, of silicon to a man- 
ganese steel, where the C/Mn ratio is about 0*01, makes the steel much more 
ferro-magnetic. A secular change in the magnetic properties of this steel 
has also been observed, the specific magnetism increasing, in a period of 
several years, from the order of 4 or 5 per cent, of that of pure iron up to 
nearly 50 per cent. 



